Abstract-The Wave Concept Iterative Procedure is validated for multi-layered substrate with frequency dependent and negative index media. By shifting the plasma frequency, reconfigurable filter design is proposed with a center frequency tunability of 25%. Sensitivity to collisional plasma is proposed.
INTRODUCTION
The ever growing demand for compact and low cost communication systems has led to the development of single devices operating at multiple frequency bands that can reduce manufacturing cost and space occupation. Within this context, devices integration and miniaturization is a challenging key point for designers. Reconfigurable devices are generally controlled by the use of switching or tuning elements such as semiconductor varactors, MESFETs or PIN diodes [1] [2] [3] . Nevertheless, such components are characterized by a noise level which is detrimental to the system noise figure. Tunable techniques based on electrically controllable material such as ferroelectric [4] [5] [6] , liquid crystal [7] or ferromagnetic material [8] [9] [10] can be used. However, such components suffer from long reaction time and power consumption.
In plasma actuation case, the required voltage level is still high nevertheless plasma performances are of particular interest since their physical properties evolution with external actuation are fast [11] . Moreover, plasma media may have either metallic or dielectric properties as a function of the frequency [12] . The use of plasma media as a substrate allows reconfigurable devices design versus plasma frequency choice. Up to the plasma frequency, its permittivity remains between 0 and 1 therefore some software can not perform simulations (ADS, Momentum. . . ), whereas below the plasma frequency, it behaves as a lossy conductor therefore other software are also in default considering the all frequency band (HFSS. . . ). To ease the designers' conception, software must allow the plasma HF simulation over the entire frequency band.
The Wave Concept Iterative Procedure is an integral method based on wave concept [13] and particularly well adapted for multilayered circuits [14] . This method allows a complex definition of the permittivity so that the plasma characteristics are defined on the all frequency range below and up to the plasma frequency.
In this paper, the design of a reconfigurable plasma filter is proposed and simulated with the WCIP method. Results are compared to HFSS simulations with success for the dielectric behavior.
PLASMA RECONFIGURABLE FILTER

Plasma Properties
The plasma behavior is resumed in its permittivity definitions (1) or (2) depending if collisions are considered which is the case in the Equation (2) .
with ω the pulsation, ω p the plasma pulsation and ν p the plasma collision frequency (its value is now fixed to 0.5ω p [15] ). This value is considered in order to evaluate the filter performance with moderate loss. The purpose of this paper is to validate the simulation tool, if the filter is achieved this data should be reevaluated. If ideally the plasma frequency is considered as the plasma cutoff frequency, when collision occurs one must take into account ν p . Therefore around 0.86f p the plasma behave as a lossy conductor whereas above this value its dielectric properties dominate as depicted in Figure 1. 
Resonator Design
When designing the resonator, the topology must be sensitive to dielectric changes. Therefore the proposed benchmark consists of three dielectric layers, one plasma layer inserted between two alumina layers for top-and bottom-metal layers deposit. The dielectric thicknesses were optimized so as to ensure a wide tenability for the relative permittivity. Moreover, in a plasma use the dielectric must satisfy good thermal characterization (coefficient of linear thermal expansion, thermal conductivity, etc). Thereby, due to its mechanical and thermal specifications as well as its good electrical characteristics alumina layers have been chosen. An accordable filter is designed based on the plasma property seen in, e.g., (1) and its dimensions are presented in Figure 2 .
The proposed topology is based on the Dual Behavior Resonator (DBR) concept [16] . It consists of two open-ended stubs that act as stop-band resonators centered at different frequencies. When the resonators are set in parallel a reconstructive combination occurs that creates a resonant frequency. Thus the DBR is characterized by two transmission zeros on either side of the pass-band. Moreover, either transmission zero or resonant frequencies are independently controllable. Thereby, when a plasma media is created the permittivity modification led to a variation of the characteristic frequencies. Since the plasma permittivity is a function of the frequency, the frequency variation is not the same whatever the frequency (resonance, low-and high-frequency transmission zeros). Such a resonator can then be used in a plasma media characterization application.
Results
Transmission and reflection coefficients of this filter are presented in Figure 3 for constant real permittivity on the frequency range. Simulations are achieved with HFSS. The center frequency of the bandpass filter is accordable with the plasma frequency, from 2.27 GHz (ε = 1) to 2.93 GHz (ε = 0.1) with the intermediate frequency of If ideal plasma permittivity (e.g., (1) without collisions) is considered, the plasma frequency must be 2.779 GHz, 2.275 GHz, 1.8 GHz, 1.06 GHz to achieve respectively 0.1, 0.3, 0.5 and 0.8 relative effective permittivity of the substrate at the bandpass filter center frequency. Under the plasma frequency the relative permittivity is negative which is not allowed in HFSS simulations therefore new software must be used to characterize this structure behind this frequency.
PLASMA SIMULATION SOFTWARE
Even if only its macroscopic behavior is considered, HF software tolerating complex and negative permittivity must be chosen. ADS -Momentum do not accept dielectric specification behind 1. HFSS do not accept negative dielectric, but tolerate dielectric behind 1 including variation versus frequency through table of template. This last simulator can therefore be used to validate results for the range where the plasma behave as a dielectric. To achieve the negative index permittivity the software could be used with a variable conductivity instead, but the all band negative to positive index can not be achieved once with only one parameter specification.
Wave Concept Iterative Procedure
This integral method [13] is based on waves concept defined in spectral and space domains around interfaces of same shape. Boundary conditions are applied in the space domain while homogeneous media are taken into account in the spectral domain. Iterations are processed until convergence of the parameter under interest. This method has proved to be efficient to characterize passive circuits [14] , antennas. . .
Multilayer Substrate Integration
The multilayer media is undertaken into the spectral operator. Instead of using the classical modal impedance of a homogeneous media, the impedance seen from the interface is evaluated for each mode as in transmission line theory. The new modal impedance is deduced for the cascade of each layer through (3) .
with Y α in the admittance seen from the upper interface; Y α out the admittance seen from the lower interface; Y α o the free space admittance; h the substrate height; γ α the propagation constant; α stands for TE or TM modes. The negative permittivity affects only the propagation constant and the modal impedance values. If ideal plasma is considered, the propagation constant is real, all the modes remain evanescent. Usually, evanescent modes are inductive for TE modes and capacitive for TM modes. For negative permittivity both modes are inductive. As far as modal admittance remain purely imaginary or real positive, the convergence is assured as the spectral coefficient are lower than 1 [13] . This property is satisfied for negative permittivity with and without a complex part. The relative permittivity may be complex with a positive or negative real part without any change for the method formulation, the problems convergence is still assured.
RESULTS
If collisions are negligible, the permittivity is defined through (1). WCIP and HFSS results are similar for positive permittivity as depicted in Figures 4 and 5 . WCIP results in Figure 5 seem physically exact for negative permittivity (i.e., below 2.275 GHz in this case), the filter response seem not altered by the negative permittivity probably because the effective permittivity of the whole substrate remains positive.
Considering only the WCIP results with variation of the permittivity in the frequency band, the frequency shift is observed with the plasma frequency control as represented in Figure 6 . The dielectric constant varies in the frequency band therefore the filter band is slightly modified however the global behavior remains intact. When Equation (2) is considered to qualify the plasma performances, the plasma frequencies, required to get the same real permittivity as in Figures 3 or 6 for the bandpass filter center frequency, change from 1.06 GHz to 1.87 GHz for a relative permittivity 0.8 at 2.37 GHz and from 2.275 GHz to 2.505 GHz for a relative permittivity 0.3 at 2.72 GHz.
WCIP results are compared to HFSS for 0.3 and 0.8 relative permittivity of the plasma layer at the bandpass filter center frequency in Figures 7 and 8 . A good agreement is found for positive permittivity.
Considering only the WCIP results with variation of the permittivity and losses in the frequency band, the frequency shift is observed with the plasma frequency control as represented in Figure 9 . HFSS and WCIP are in very good agreement for the highest frequencies while a little shift can be noticed on Figures 4, 5, 7 and 8 at lower frequencies. The WCIP computes mesh and operators at each frequency, while HFSS computes its mesh at the highest frequency and evaluates results on this adapted grid even at lower frequency. This slight shift may be due to mesh approximation at the lowest frequencies correlated to the strong variation of the permittivity in the frequency range. The shift may also be reduced if the number of calculation point in the WCIP is increased and the convergence criteria reduced. However, the low permittivity substrates present also important losses, in the 1.5 to 3.5 GHz range which avoid the filter use for this plasma frequency range behind 0.8. Figure 2 . With real plasma model see Equation (2).
CONCLUSION
The WCIP method proved to be efficient to qualify negative permittivity substrate achieved in this paper through plasma use in filter design. This filter is sensitive to the plasma frequency which can be used as sensor to evaluate the plasma properties. However for plasma frequency close to the band-pass center frequency, losses dominate and the filter is no more efficient.
